Cell Polarity: Overdosing on PCPs  by Blair, Seth S.
Dispatch
R5676. Warren, P.A., and Rushton, S.K. (2009). Optic
flow processing for the assessment of object
movement during ego movement. Curr. Biol.
19, 1555–1560.
7. Zabala, F., Polidoro, P., Robie, A., Branson, K.,
Perona, P., and Dickinson, M.H. (2012).
A simple strategy for detecting moving objects
during locomotion revealed by animal-robot
interactions. Curr. Biol. 22, 1344–1350.
8. Poggio, T., and Koch, C. (1985). Ill-posed
problems in early vision: from computational
theory to analogue networks. Proc. R. Soc.
Lond. B 226, 303–323.
9. David, C.T. (1979). Optomotor control of speed
and height by free-flying Drosophila. J. Exp.
Biol. 82, 389–392.
10. Land, M.F. (1973). Head movements of flies
during visually guided flight. Nature 243,
299–300.
11. Heisenberg, M., and Wolf, R. (1979). On the
fine structure of yaw torque in visual flight
orientation of Drosophila melanogaster.
J. Comp. Physiol. A 130, 113–130.12. Heisenberg, M., and Wolf, R. (1988). Reafferent
control of optomotor yaw torque in Drosophila
melanogaster. J. Comp. Physiol. A 163,
373–388.
13. Bu¨lthoff, H. (1982). Drosophila mutants
disturbed in visual orientation II. Mutants
affected for movement and position
computation. Biol. Cybern. 45, 71–77.
14. Branson, K., Robie, A.A., Bender, J., Perona, P.,
and Dickinson, M.H. (2009). High-throughput
ethomics in large groups of Drosophila.
Nat. Methods 6, 451–457.
15. Spork, P., and Preiss, R. (1994). Adjustment of
flight speed of gregarious desert locusts
(Orthoptera: Acrididae) flying side by side.
J. Insect Behav. 7, 217–232.
16. Bazazi, S., Buhl, J., Hale, J.J., Anstey, M.L.,
Sword, G.A., Simpson, S.J., and Couzin, I.D.
(2008). Collective motion and cannibalism in
locust migratory bands. Curr. Biol. 18, 735–739.
17. Herbert-Read, J.E., Perna, A., Mann, R.P.,
Schaerf, T.M., Sumpter, D.J.T., and
Ward, A.J.W. (2011). Inferring the rules ofinteraction of shoaling fish. Proc. Nat. Acad.
Sci. USA 108, 18726–18731.
18. Faucher, K., Parmentier, E., Becco, C.,
Vandewalle, N., and Vandewalle, P. (2010).
Fish lateral system is required for accurate
control of shoaling behavior. Anim. Behav. 79,
679–687.
19. Nagy, M., A´kos, Z., Biro, D., and Vicsek, T.
(2010). Hierarchical group dynamics in pigeon
flocks. Nature 464, 890–893.
20. Moussaı¨d, M., Helbing, D., and Theraulaz, D.
(2011). How simple rules determine pedestrian
behavior and crowd disasters. Proc. Natl. Acad.
Sci. USA 108, 6884–6888.Department of Entomology, Cornell
University, Ithaca, NY 14853, USA.
E-mail: cg23@cornell.eduhttp://dx.doi.org/10.1016/j.cub.2012.05.044Cell Polarity: Overdosing on PCPsSeveral spatial cues combine to influence cell polarity within the plane
of the Drosophila wing epithelium, orienting two separable mechanisms
of short-range intercellular communication, one utilizing the ‘core’ polarity
proteins, and another utilizing the protocadherins Dachsous and Fat, and the
atypical myosin Dachs.Seth S. Blair
The polarization of cells within the
plane of an epithelium can orient cell
divisions, tissue growth, cell migration
and differentiation events, both cell
autonomous and multicellular; you
need planar cell polarity (PCP) to do
everything from elongating your
embryonic axis to lining up the
stereocilia in your inner ear [1]. Yet for
all that is known about the molecular
mechanisms regulating PCP, in even
the best-studied systems there are
debates about everything from the
nature and number of the orienting
cues, the links to and between various
downstream pathways, and the
molecular details of intercellular
signaling. Four recent studies [2–5]
using an important model of PCP, the
epithelium of the developing
Drosophila wing imaginal disc, provide
important new information on the ways
that several cues combine to orient
PCP via two pathways with important
roles in both fly and vertebrate PCP.
The best-studied PCP system
involves the so-called ‘core’ PCP
proteins; these are required within
cells for normal wing hair polarity,
and a subset help transmit polarityinformation to neighboring cells. There
is still a lively debate about how,
exactly, they work. In ‘vector’ models,
both the intracellular and intercellular
PCP information is thought to be
mediated by the polarized
redistribution of the core proteins
in each cell [6] (Figure 1A). In the wing,
for instance, just before each cell
produces a single, distally oriented
hair, specific core proteins are
dramatically polarized to the proximal,
distal or both cell faces. In vector
models, interactions between the core
proteins amplify the polarization within
each cell, and polarized
transmembrane proteins signal in
a way that attracts or repels proteins on
adjacent cells. Intercellular signaling is
thought to depend on distal Frizzled
(a Wnt receptor), proximal Van
Gogh/Strabismus, and proximal and
distal Starry night/Flamingo,
a homophilic cadherin; several
proposals exist for how these bind
and communicate [7,8].
Vector models have been
questioned, however, because some
mutations that disrupt detectable core
protein polarization do not obviously
affect intercellular signaling. Moreover,
PCP proteins are apparently requiredprior to their dramatic polarization in
older pupal wings. An alternativemodel
therefore proposed a gradient of
Frizzled activity across the wing that
does not directly polarize cells [9]
(Figure 1B). Individual cells establish
PCP by comparing their own Frizzled
activity to that of the adjacent cells in
a way that, although requiring the
presence of the transmembrane core
proteins, does not require their
polarization within a cell. In this view,
the polarization of the core proteins is
a late end-point of the PCP process,
not a mechanism.
Two recent studies [2,3], both
appearing in Current Biology (Sagner
et al. [2] in this issue), are therefore
important in part because they
demonstrate subtle core protein
polarization at quite early stages of
wing development, early enough to
account for the timing of activity, and
subtle enough that it might easily be
overlooked. The data thus support,
although do not prove, the existence of
vector-like intercellular signaling at
early stages, and it is easy to imagine
how this weak polarization might be
stabilized and amplified by subsequent
interactions.
But in vectormodels somethingmust
orient the local vector with respect to
the tissue, and this has also been the
subject of much debate. The core
PCP system contains not only a Wnt
receptor but also its effector
Dishevelled, and there is evidence in
other systems for PCP orientation by
extracellular gradients of diffusible
Wnts [10]. But in the fly wing there was
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Figure 1. Models of PCP signaling.
(A) The vector model for core protein activity [6,7]. Upstream molecular or mechanical cues
initiate the polarization of the core PCP proteins to proximal (Van Gogh/Strabismus, Vang;
Prickle, Pk), distal (Frizzled, Fz; Diego, Dgo; Dishevelled, Dsh) or both (Starry night/Flamingo,
Stan) cell faces. This polarization is reinforced and amplified by both intracellular and intercel-
lular interactions, the latter mediated by Stan, Vang and Fz. The bistable vector interactions
are also shown in a simplified, seesaw schematic. (B) The gradient model for core protein
activity [11]. A gradient of signal X triggers unpolarized differences in Fz activity in each
cell. Cells then use Stan to compare their Fz activity to those of their neighbors. (C) The
gradient/vector model of Ds–Fat–Fj activity. Ds is expressed more strongly in proximal cells,
and Fj is expressed more strongly in distal cells. For convenience, the effects of the initial
gradients of Ds and Fj expression on Fat and Ds distribution are shown on separate cells.
Distal Fj phosphorylates distal Ds to make it less adhesive for Fat, and phosphorylates distal
Fat to make it more adhesive for Fj. More of the Fat on the center cell binds to proximal Ds, and
more of the Ds to distal Fat. This slight asymmetry is then amplified by intercellular and
perhaps intracellular interactions leading to stronger Ds–Fat polarization and the distal polar-
ization of the myosin Dachs. The superimposition of the gradient and the bistable vector inter-
actions is shown in a simplified, seesaw schematic; the increased effectiveness of proximal,
Fj-unmodified Ds and of distal, Fj-modified Fat is shown by the larger font size.
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instructive role for Wnts in PCP. The
data of Sagner et al. [2] instead argue
that there is no single global cue, but
several local cues that can orient early
core protein polarization. In some
regions the cues actually conflict, and
removing one cue appears to increase
the influence of the other. The cues
include not only the distally expressed
Wnt Wingless (perhaps acting
indirectly), but also a cue orienting cells
near the division between the anterior
and posterior compartments of the
wing blade (a polarity not observed in
older wings), and a cue that orients
cells relative to the proximal hinge
region of the wing (also see [3]).
The proximal hinge cue likely relies
on another well-studied polarity
system, made up of the proximally
expressed giant protocadherinDaschous (Ds), its protocadherin
binding partner Fat, and the distally
expressed Golgi-resident kinase
Four-jointed (Fj) that phosphorylates
the cadherin domains of Ds and Fat and
modulates their binding [1]. Changes in
Ds–Fat binding disrupt wing hair PCP
and reorient core protein polarization at
even early stages of wing development
[2,3]. Several years ago it was posited
that gradients of Ds–Fat binding
(and a resultant gradient of Fat activity)
acted as global cues that oriented
core protein polarization, not only
throughout the wing but also in the eye
and other tissues [1,11]. Evidence
quickly suggested that the Ds–Fj cue
was not quite as global as originally
thought, at least in the wing, since
uniform Ds and Fj expression only
disrupts PCP in themost proximal wing
blade [12]. This nowmakes sense in thecontext of the several local PCP cues
elucidated by Sagner et al. [2], and
another of the recent studies finds
Ds–Fj-independent cues in the eye [3].
Understanding the mechanism of
Ds–Fat–Fj action is a high priority, not
only because of its poorly understood
regulation of core protein PCP, but also
because it provides a cell interaction
mechanism for locally coordinating
PCP that may act independently of the
core protein system [13]. Intriguingly,
evidence in three recent papers
indicates that the Ds–Fat–Fj system
combines aspects of both the gradient
and vector models of PCP, translating
the Ds and Fj gradients into a vector of
protein polarization in each cell.
In this case, an early-arising vector
was already known: the Fat-dependent
polarization of the atypical invertebrate
myosin Dachs to distal cell faces [14],
a polarization that is independent of
the core-protein pathway [3]. Several
plausible mechanisms might translate
a gradient of Fat–Ds binding across
the wing into Dachs polarization,
for instance by having cells compare
cell autonomous, Ds-triggered Fat
activity; simply take the gradient
model of core protein PCP (Figure 1B)
and swap ‘Fat activity’ in for ‘Fz
activity’. But it is also possible that the
gradients directly polarize single cells
(Figure 1C). If on its distal neighbors
a cell sees slightly lower levels of a less
adhesive, Fj-phosphorylated Ds,
and the slightly more adhesive
Fj-phosphorylated Fat, this might
create a difference (and thus a vector)
in the levels of Ds-bound Fat and
Fat-bound Ds on the proximal and
distal faces of the cell.
A PCP mechanism that requires the
polarization of both Fat and Ds on
single cells was previously proposed
[13], and large experimental changes in
Fat, Ds and Fj levels can affect the
polarized distribution of Fat and Ds
in adjacent cells [11,12,15]. The
problem was that no one had been
able to detect a vector of Ds and
Fat polarization in cells along the
endogenous gradients of Ds and Fj
expression. Using tagged proteins,
the recent studies have done just
that [3–5]. The Ds and Fat polarization
is subtle (and perhaps variable),
but on average Fat is proximal and
Ds is distal, the latter co-localizing
with Dachs.
It is unlikely that a passive
mechanism of polarization, for instance
‘capping’ of proteins via diffusion in the
Dispatch
R569membrane, could transform what must
be a very slight initial difference in
Ds-bound Fat across a single cell
diameter directly into the observed
polarization; some active amplification
is likely required (Figure 1C). Little is
known about the amplification, except
that it is unlikely to require Dachs or the
core PCP proteins [3–5]. But provided
that such amplification occurs, one
might expect the protein polarization
on one cell to trigger the same effects in
the next cell, allowing the propagation
of protein polarization over several
cells. Strikingly, two of the recent [3,4]
studies, Ambegaonkar et al. [4] also
appearing in this issue of Current
Biology, have demonstrated just such
a propagation of Ds and Dachs
polarization.
How does polarized Fat and Ds lead
to polarized Dachs? Proximal Fat may
destabilize Dachs [14]. One group also
suggests that distal Ds may also
stabilize distal Dachs by binding to it
[5], although another did not confirm
binding and showed that Dachs levels
are not reduced after loss of Ds [3].
Whatever the mechanism, Dachs
polarization thus becomes one
possible effector of Fat and Ds in PCP.
Not all of the PCP activities of the
Ds–Fat–Fj system are mediated by
Dachs polarization, though, as
removing Dachs has weaker effects on
PCP than removal of Fat or Ds, and
actually improves PCP in fat and ds
mutants. One reason for this is that
Dachs regulates another important
aspect of Fat and Ds function: their
stimulation of the growth-suppressing
Hippo pathway. Dachs acts in
opposition to Fat and Ds, inhibiting
Hippo pathway activity by binding to
the Warts kinase [14,16]. The reduced
Hippo activity caused by the removal
of fat and ds mutants can contribute
to PCP defects [17], and this Hippo
activity is rescued by removing Dachs,
leaving only proximal PCP defects
similar to those observed after removal
of Dachs alone. But even dividing
Fat–Ds PCP effects into those that
depend on Dachs polarization or on
Hippo activity is probably too simple;
another recent paper showed that
expression of truncated Fat that cannot
polarize cells and that has no
detectable Hippo activity can improve
fatmutant PCP defects in the abdomen
[18], while increasing Hippo activity
cannot [17,18].
Still, no matter how many arrows we
draw downstream of Fat and Ds, theirregulation of Dachs polarization
constitutes a type of PCP, and Dachs
can regulate wing hair polarity. But
what does Dachs do? Vertebrates lack
homologs of the Dachs myosin, and
very little is known about its function.
However, one group has linked Dachs
(as well as Ds–Fat binding) to
morphogenesis and cell tension [5].
Ds and Dachs are polarized within
cells along a gradient of Ds–Fj
expression in the developing fly notum
(the dorsal side of the adult thorax).
The authors elegantly demonstrate that
cell faces with higher Ds and Dachs
levels are under higher tension,
providing a likely explanation for the
abnormal cell movements and shape
changes observed in the dachs
mutant notum.
Is it the tension, or some other aspect
of Dachs that regulates PCP?While it is
simplest to think of PCP in termsof pure
cell signaling, a recent model suggests
that the mechanical forces induced
by shape changes, oriented cell
divisions, cell rearrangements and the
shearing between cells during growth
and morphogenesis could provide
important cues for PCP [19]. In one
view, the multiplicity of cues that orient
core protein polarization and affect
wing PCP act as much via mechanical
effects during growth as via specific
cell–cell communication, providing
a way of translating local, early-arising
cues into global, oriented patterns
[2,19]. Myosin-mediated forces may
also orient PCP in the inner ear [20].
Not that signaling and mechanical
models are mutually exclusive.
Evolution cares about the result, not
about simple, linear engineering, and
any set of semi-parallel, cooperating
and conflicting mechanisms that wind
up pointing cells the right way will do
just fine. In this light it is sobering that
no published combination of mutations
truly randomizes polarity in the wing;
neighbors still tend to express similar
polarities, even when they are wrong.
So how many more PCP systems
are there?
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